Neurotrimin (Ntm) together with the limbic system-associated membrane protein (LAMP) and the opioid-binding cell adhesion molecule (OBCAM) comprise the IgLON family of neural cell adhesion molecules. These glycosylphosphatidylinositol (GPI)-anchored proteins are expressed in distinct neuronal systems. In the case of Ntm, its expression pattern suggests a role in the development of thalamocortical and pontocerebellar projections (Struyk et al., 1995) . We have now characterized Ntm's function in cell adhesion and in neurite outgrowth. Cross-linking studies of transfected cells show that Ntm forms noncovalent homodimers and multimers at the cell surface. Ntm mediates homophilic adhesion, as evidenced by the reaggregation of the transfected cells and the specific binding of an Ntm-Fc chimera to these cells. Consistent with these results, Ntm-Fc binds to neurons that express Ntm at high levels, e.g., dorsal root ganglion (DRG) and hippocampal neurons. It does not bind to DRG neurons treated with phosphatidylinositol-specific phospholipase C (PI-PLC) or to sympathetic neurons that do not express Ntm or other members of the IgLON family at significant levels. Ntm promotes the outgrowth of DRG neurons, even after PI-PLC treatment, suggesting that its effects on outgrowth are mediated by heterophilic interactions. Of particular note, both membrane-bound and soluble Ntm inhibit the outgrowth of sympathetic neurons. These results strongly suggest that Ntm, and other members of the IgLON family, regulate the development of neuronal projections via attractive and repulsive mechanisms that are cell type specific and are mediated by homophilic and heterophilic interactions.
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During development, a wide variety of membrane-associated and soluble proteins direct growing axons toward their targets via growth-promoting and -inhibiting effects (Tessier-Lavigne and Goodman, 1996) . Proteins that largely promote neurite outgrowth include cell adhesion molecules (CAMs) of the Ig (Salzer and Colman, 1989; Brümmendorf and Rathjen, 1993) , cadherin (Matsunaga et al., 1988; Bixby and Harris, 1991) and integrin (Reichardt and Tomaselli, 1991) superfamilies. More recently, molecules that inhibit neurite outgrowth during axonal pathfinding have been identified. These include the ephrins (Drescher et al., 1997) , the semaphorins (Kolodkin et al., 1993; Luo et al., 1993) , and the netrins, which promote or inhibit outgrowth in a cell type-specific manner (Serafini et al., 1994; Colamarino and Tessier-Lavigne, 1995) .
Members of the Ig superfamily have a major role in regulating neurite outgrowth. Molecules such as NCAM and L1 are widely expressed and promote the outgrowth of most neurons (Rutishauser, 1993) . Other IgCAMs, such as TAG-1 (Dodd et al., 1988) , have a restricted expression pattern and are likely to provide specific guidance cues required for correct targeting.
Notable among the IgCAMs with a restricted distribution are the limbic system-associated membrane protein (LAMP), the opioidbinding cell adhesion molecule (OBCAM), and neurotrimin (Ntm) (Schofield et al., 1989; Pimenta et al., 1995; Struyk et al., 1995) , which together comprise the IgLON family. On the basis of genomic Southern blots, additional members of the family may exist (Struyk et al., 1995) but have yet to be identified. Each of these proteins has three Ig-like domains, exhibits significant sequence homology, and is attached to the membrane by a glycosylphosphatidylinositol (GPI)-anchor. Together they represent the earliest and most abundant GPI-anchored proteins expressed by neurons (Salzer et al., 1996) .
Individual members of the IgLON family are expressed on distinct populations of neurons that, for the most part, form functional circuits. Thus LAMP is expressed by cortical and subcortical neurons of the limbic system (Levitt, 1984) and has been strongly implicated in the development of projections in this system (Pimenta et al., 1995; Zhukareva and Levitt, 1995) . Ntm has an expression pattern that is largely complementary to that of LAMP, with highest expression in the sensorimotor cortex, for example. Its expression in layers IV, V, and VI of the cortex, the subplate, and the rostral lateral thalamus as well as in the pontine nucleus and cerebellum suggests a potential role in the development of thalamocortical and pontocerebellar projections, respectively (Struyk et al., 1995) . OBCAM has a much more restricted distribution, with highest expression in the cortical plate and hippocampus (Struyk et al., 1995) .
In this report, we have characterized the function of Ntm in neurite outgrowth and cell adhesion. We provide evidence that Ntm forms noncovalent homodimers in the plane of the membrane, promotes adhesion by a homophilic mechanism, and regulates neurite outgrowth. Of note, Ntm has opposing effects on the outgrowth of sensory neurons (which express Ntm) and sympathetic neurons (which do not), promoting and inhibiting their outgrowth, respectively. Ntm mediates these dual effects on neurite outgrowth as both a membrane-bound and a soluble molecule. These results f urther support a role for Ntm in the formation of specific neuronal projections and suggest a broader mechanism of action for members of the IgL ON family that involves homophilic and heterophilic modulation of neurite outgrowth.
MATERIALS AND METHODS
Construction and e xpression of a myc-tag ged Ntm. A c-myc epitope tag (EQK LISEEDL) was added between the third Ig-like domain of Ntm and the site of GPI attachment (i.e., between amino acids 323 and 324 of rat Ntm) by the "patch" PCR method (Squinto et al., 1990) . The plasmid pBSK-392B containing the complete coding region of neurotrimin (Struyk et al., 1995) was used as a template. Primers included a 3Ј vector-specific oligonucleotide, a 5Ј primer (5Ј-GCGCGTCAACGAG CAAAAGC TTATTTC TGAGGAGGATC TG-3Ј), and the "patch" primer (5Ј-ATTTC TGAGGAGGATC TGAATGGGACGTCAAGGAGG-3Ј). This resultant PCR product was gel-purified and religated back into the HinC II site of the neurotrimin coding sequence in pBSK-392B. The modified Ntm cDNA was verified by sequencing and subcloned into the eukaryotic expression vector pRC -C M V (Invitrogen, San Diego, CA). The final Ntm-pRC construct was introduced into the Chinese Hamster Ovary (CHO) cell line LR73 (Pollard and Stanners, 1979) by Lipofection, following the manufacturer's instructions (Life Technologies, Gaithersburg, MD). Transfected cells were selected with 800 g /ml and maintained with 400 g /ml of G418 (Life Technologies); multiple colonies of transfected cells were pooled and expanded. CHO-Ntm expressors were isolated from pooled cells by fluorescence-activated cell sorting (FAC S) after staining with a monoclonal antibody specific for the c-myc decapeptide tag (Evan et al., 1985) and fluorescein-conjugated donkey anti-mouse IgG antiserum (Chemicon, Temecula, CA). E xpressors were expanded and subsequently subjected to a second round of FAC S. The two populations of cells, i.e., those sorted one or two times, will be referred to as low expressor (L E) and high expressor (H E) cells, respectively. Control CHO-C M V cells were generated by pooling multiple clones transfected with the pRC -C M V plasmid alone.
Characterization of Ntm e xpression in CHO cells. In some experiments, transfected cell lines were surface-biotinylated by incubation of cell monolayers with N HS-sulfo-biotin (Pierce, Rockford, IL) as described previously (Rosen et al., 1992) to facilitate subsequent identification of the myc-tagged neurotrimin. Monolayers were lysed with 1% SDS in 20 mM Tris, pH 7.4, 6 mM NaC l, and 15 mM DTT. After they were boiled, lysates were diluted in 3 vol of 2.5% Triton X-100, 50 mM Tris, pH 7.4, 190 mM NaC l, and 6 mM EDTA and incubated with anti-myc ascites (containing ϳ5 g of IgG), and immune complexes were collected with protein G-coupled Sepharose (Pharmacia Biotech, Piscataway, NJ). Precipitated proteins were separated by SDS-PAGE and electroblotted onto nitrocellulose. Blots were probed with streptavidin conjugated to alkaline phosphatase and incubated with 5-bromo-4-chloro-3-indolyl-phosphate/ nitroblue tetrazolium (BCI P-N TP; K irkegaard and Perry Laboratories, Gaithersburg, MD).
To confirm that the neurotrimin expressed by the CHO-Ntm was indeed GPI-anchored, monolayers were incubated with PI-PLC (Oxford Glycosystems, Rosedale, N Y) at a concentration of 1 U/ml for 1 hr at 37°C in PBS containing protease inhibitors (PMSF, aprotinin, and leupeptin, all at a concentration of 0.1%). Supernatants were collected and precipitated by the addition of 0.01 vol of 2% deoxycholic acid and 0.10 vol of TCA. C ell lysates and precipitated proteins from culture supernatants were fractionated by SDS-PAGE, electroblotted, and probed with the anti-myc antibody.
Cross-link ing anal ysis of Ntm. CHO cell-surface proteins were crosslinked by incubating monolayers with the homobif unctional reagent Bis (sulfosuccinimidyl) suberate (BS 3 ) (Pierce) at a concentration of 0.25 mM for 20 min, followed by a 10 min incubation with Leibovitz's L -15 media (Life Technologies) to stop the reaction. After three washes in PBS, monolayers were biotinylated, and Ntm was immunoprecipitated with the anti-myc monoclonal antibody as described above. In some cases, cross-linking was followed by a 1 hr incubation with PI-PLC to determine whether the cross-linked products were GPI-anchored. Immunoprecipitates were then prepared from the cell lysates and supernatants.
The effect of cell density on the cross-linking of neurotrimin was investigated by plating 1 ϫ 10 5 cells on either 35, 60, or 100 mm tissue culture dishes. After 24 hr of growth, cell-surface proteins were cross-linked and immunoprecipitated as above.
Ag gregation assays. Subconfluent monolayers of CHO-Ntm or CHO-C M V cells were dissociated in HBSS (Life Technologies) with 0.02% EDTA and 0.0025% trypsin (Life Technologies) by multiple rounds of trituration and resuspended in L -15 media with I Tsϩ (Becton Dickinson Labware, Franklin Lakes, NJ), 10 M DNase, and 1 M EDTA. C ell density was standardized in each experiment to a final concentration of 1 ϫ 10 6 cells/ml. C ell suspensions were then incubated in 5% C O 2 at 37°C. At defined time points, aliquots were removed by a wide-bore pipette, and single cells were counted with a hemocytometer. In some experiments, CHO-Ntm cells were pretreated with PI-PLC (1 U/ml) in L -15-I Tsϩ for 1 hr as described above. To determine whether the adhesion was homophilic or heterophilic, aggregates were analyzed after mixing CHO-Ntm cells prelabeled with the carbocyanine dye diI (Molecular Probes, Eugene, OR) with control cells prelabeled with diO (Molecular Probes). As a f urther control, diI-prelabeled CHO-Ntm cells were mixed with diO-prelabeled CHO-Ntm cells.
Generation of Ntm-Fc chimera. To generate a soluble Ntm chimeric protein, the three Ig domains of Ntm were f used to a human Fc segment encoded by the pIG vector (Simmons, 1993) . To this end, the sequences encoding the GPI anchor as well as the 3Ј untranslated region were deleted, and a new fragment, which contained a splice acceptor and a BamHI restriction site, was added. Specifically, the neurotrimin cDNA was amplified with primer 1 (which anneals to an oligonucleotide sequence corresponding to positions 918 -935 of the Ntm cDNA) and primer 2 (which anneals to an oligonucleotide sequence corresponding to nucleotides 1428 -1410): primer 1: 5Ј-C TC CAT TAA TGA AGG GAA-3Ј; primer 2: 5Ј-ACGGAT CCA C TT ACC TGT GAC AGC ACC TGG GCC AAA TAGC 3Ј.
The amplified PCR product has a BamHI site, a splice donor site (underlined), and a sequence complementary to Ntm (1428 -1410, 5Ј33Ј) on the 3Ј side of primer 2. The PCR product was digested with BamHI and PstI, releasing a 241 bp fragment. This fragment was ligated into a f ull-length Ntm cDNA in the pBluescript K S vector (Stratagene, La Jolla, CA) that had previously been digested with BamHI and PstI. This modified Ntm cDNA, which lacks the GPI anchor and 3Ј noncoding regions, was excised with EcoRI and BamHI and subcloned into the pIG-1 vector, which had been digested with the same restriction enzymes. The construct, corresponding to the sequence encoding the ectodomain of Ntm subcloned into the pIG-1 vector, was transiently transfected into C OS-1 cells by the DEAE-dextran method (Simmons, 1993) . Transfected cells were incubated in DM EM with the supplement I Tsϩ, and the media was collected after 5 d. Ntm-Fc was purified by affinity chromatography with protein A Sepharose (Sigma, St. L ouis, MO). After purification, protein concentration was assayed by the Micro BCA system (Pierce) and visualized on a 7.5% SDS polyacrylamide gel by Coomassie blue.
Primar y neuronal cultures. Cultures of dorsal root ganglia (DRG) and superior cervical ganglia (SCG) neurons were established as described previously (Rosen et al., 1992) . Briefly, DRGs were removed from embryonic day 16 rats under aseptic conditions. The ganglia were dissected free of any adherent tissue, treated with 2 ml of 0.25% trypsin in HBSS for 45 min at 37°C, and dissociated in L -15 ϩ 10% FBS by trituration with a reduced-bore pipette. SCGs were dissected from embryonic day 21 rats under aseptic conditions. The ganglia were treated with 2 ml of 0.25% trypsin and 0.2% collagenase in HBSS for 30 min and similarly dissociated. In each case, cells were pelleted by centrif ugation, resuspended, and maintained in a standard neuronal media consisting of M EM (Life Technologies) supplemented with 10% FBS, 2 mM glutamine (Life Technologies), 0.4% glucose (Sigma), and 50 ng /ml 2.5S NGF (Harlan Bioproducts for Science, Indianapolis, I N). Approximately 4000 neurons were plated onto 12 mm glass coverslips coated with ammoniated rat tail collagen (Biomedical Technologies, Stoughton, M A). Cultures were treated for 2.5 weeks with 5-fluorodeoxyuridine and uridine (both at 10 Ϫ5 M) (Sigma), which were added to the standard neuronal media on alternate feedings to eliminate non-neuronal cells.
Immunofluorescence staining and binding assays. Neurotrimintransfected and control cells were plated on eight-well glass slides (IC N, Costa Mesa, CA). C ells were washed two times in L -15 supplemented with I Tsϩ and incubated with anti-myc hybridoma ascites (1:600) in L -15-I Tsϩ media for 1 hr at 4°C. C ells were washed three more times with L -15-I Tsϩ and incubated for 30 min with fluorescein-conjugated donkey anti-mouse IgG antiserum (Chemicon). C ells were fixed with 4% formalin for 15 min and mounted with C itifluor media (Ted Pella, Redding, CA) containing Hoechst dye.
For binding studies, cells were incubated with 2.5 g /ml of purified Ntm-Fc or C OS cell conditioned media (containing ϳ2 g /ml of NtmFc) for 1 hr at 4°C. After removal of the media, cells were incubated with an FI TC -conjugated anti-human Fc antibody (1:100) (Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 hr at 4°C. Alternatively, cells were incubated with a preformed complex of the Ntm-Fc and the anti-Fc antibody for 1 hr at 4°C. After they were washed, the cells were fixed with 4% formalin for 15 min and mounted. Similar procedures were followed for binding assays of Ntm-Fc to primary neurons. In some experiments, double labeling with the anti-neurofilament monoclonal antibody 3A10 was performed after binding of Ntm-Fc. Cultures were permeabilized with 0.2% Triton X-100 for 20 min at room temperature, rinsed in PBS, and blocked for 1 hr in L -15 ϩ 10% FBS, followed by overnight incubation with 3A10 (1:10). The coverslips were washed once with PBS and then incubated sequentially with a biotinylated anti-mouse IgG (1:100) (Jackson ImmunoResearch) and streptavidin conjugated to Texas Red (1:500) (Amersham, Arlington Heights, IL). Digital photographs were taken with a CCD camera and analyzed with Metamorph software (Universal Imaging, West Chester, PA).
Flow c ytometric anal ysis of CHO cells. Binding of Ntm-Fc to cells expressing the myc-tagged neurotrimin was assessed by flow cytometry. Transfected and control CHO cells in suspension were incubated for 1 hr with the anti-myc ascites (1:600) in L -15-I Tsϩ media at 4°C. C ells were washed two times in L -15-I Tsϩ and incubated for 45 min with FI TCconjugated donkey anti-mouse IgG antiserum (Chemicon). After they were washed three times, cells were either analyzed immediately by FAC S or fixed with 2% formaldehyde for subsequent analysis. In separate experiments, CHO cells were prepared similarly and assayed for binding with 1 ml of Ntm-Fc in L -15-I Tsϩ media by analogous procedures. Analysis and sorting was performed with FAC Scan (Becton Dickinson, Mountain View, CA).
Neurite outgrowth assays. Dissociated E16 DRG, E21 SCG, and E18 hippocampal neurons were prepared as described previously (Rosen et al., 1992; Brewer, 1995) and plated in a serum-free neuron media (Felsenfeld et al., 1994) . The ability of Ntm-Fc to promote the outgrowth of DRGs, SCGs, and hippocampal neurons was tested by immobilizing 100 g /ml Ntm-Fc on a nitrocellulose substrate prepared as described previously (Lagenaur and Lemmon, 1987) . Neurite outgrowth on Ntm-Fc was compared with that on 10 and 25 g /ml laminin as positive controls, and 100 g /ml MUC18-Fc and 1% BSA as negative controls. In some experiments, neurons were pretreated with and then plated and maintained in the presence of PI-PLC (1 U/ml) during the entire course of the experiment.
For neurite outgrowth assays on cells, monolayers of CHO-Ntm and control CHO cells were established by culturing 20,000 cells/ well in eight-well slides. After allowing cells to attach overnight, ϳ1000 DRG or SCG neurons were added in serum-free media. In some studies, monolayers were pretreated with PI-PLC as described above. Neurons were allowed to grow for 8 -14 hr and were then washed, fixed with 4% formalin, permeabilized with methanol, and immunostained with a GAP-43 antibody as described (Williams et al., 1992) .
To determine the effects of soluble Ntm-Fc on neurite outgrowth, dissociated DRGs were plated for 1 hr on a collagen substrate prepared as described above. Thereafter, the media was replaced with media containing Ntm-Fc or MUC18-Fc (both at 10 g /ml). The same procedure was used for dissociated SCG neurons, which were plated on a laminin-coated substrate (10 g /ml) as described above.
In each case, neurite length was measured from the tip of the longest neurite to the soma and was quantified by using the Universal Imaging System with the Metamorph software package. Measurements were performed only on single neurons. A total of 100 neurons pooled from at least three experiments were measured per condition.
ELISA assays. ELISA assays were performed to assess binding of soluble Ntm-Fc to collagen or laminin substrates. Plastic 96-well tissue culture plates (Nunc, Naperville, IL) were coated with collagen or with 10 g /ml of laminin in carbonated buffer, pH 9.5, at 4°C overnight. Purified Ntm-Fc diluted in carbonated buffer, pH 9.5, or serum-free media at 4 g /ml was added to each well and incubated at 4°C overnight. Wells were washed three times with PBS containing 0.05% T ween ϩ 0.1% BSA. An anti-human Fc rabbit polyclonal antibody was diluted in the same buffer at 1:5000 (0.5 g /ml) for 1 hr. After three washes with diluting buffer, an anti-rabbit antibody conjugated to alkaline phosphatase (Jackson) (1:10,000) was added to the wells for 1 hr. The wells were rinsed three times with diluting buffer and one time with PBS alone. The alkaline phosphatase substrate p-nitrophenyl phosphate (Sigma) was added to each well for 30 min at a concentration of 1 mg /ml, and the amount of the colorimetric reaction was quantitated at 405 nm in a Dynatech plate reader. All values were corrected by subtracting the readings of control wells that contained buffer or media alone.
RESULTS

Generation and characterization of Ntm-expressing cells
To facilitate studies of the function of neurotrimin in mediating cell-cell interactions, we expressed the protein at the surface of a heterologous cell line. Because various antisera raised against neurotrimin did not recognize this protein in its native conformation (Struyk et al., 1995) , we generated a recombinant neurotrimin (Ntm-myc) in which a myc epitope tag was added between the third Ig domain and the GPI anchor. We expressed Ntm-myc in a CHO cell line that is poorly adherent (Pollard and Stanners, 1979) and has been shown to express other heterologous GPIanchored cell adhesion molecules at high levels (Benchimol et al., 1989; Gennarini et al., 1991) . Isolation of the CHO cells that express Ntm (CHO-Ntm) was accomplished by pooling transfected cells, followed by selection of high-level expressing cells by FACS after staining with the anti-myc antibody. A stable control cell line was also generated by transfecting CHO cells with the pRC-CMV vector without any cDNA insert (CHO-CMV cells).
To characterize the expression of Ntm-myc in the CHO transfectants, we plated the sorted cells on slides and stained them with the anti-myc antibody. Most cells within the sorted population exhibited bright surface staining. When two cells expressing high levels of Ntm were in close apposition, Ntm typically accumulated at the sites of contact, suggestive of homophilic adhesion (Fig.  1 A) . In contrast, sites of contact between expressors and nonexpressors (CHO-CMV cells) plated together on the same dish did not demonstrate any accumulation of Ntm, indicating that this concentration resulted from homophilic interactions (data not shown). Immunoprecipitation with the anti-myc monoclonal antibody from lysates of cells biotinylated with a membraneimpermeant reagent demonstrated a broadly migrating band of 65 kDa in CHO-Ntm (Fig. 1 B) , which ran with an expected M r of 39 kDa after deglycosylation (data not shown); no proteins were detected from immunoprecipitates of control transfected cells. To confirm that Ntm-myc is anchored to the membrane by a GPI linkage, expressing and nonexpressing CHO cells were treated with PI-PLC. Cell lysates and supernatants from PI-PLC and mock-treated cultures were Western-blotted with the anti-myc monoclonal antibody (Fig. 1C) . Of note, a prominent band was present in the supernatants of the PI-PLC-treated CHO-Ntm cells, whereas this protein band remained associated with the cells in the mock-treated cultures. Interestingly, the intensity of the 65 kDa band increased after release with PI-PLC, presumably reflecting increased accessibility of the myc epitope. In other studies, we also found that the epitope tag was not accessible to the anti-myc antibody unless the protein was reduced.
Ntm is present as homomeric complexes on the surface of CHO cells
Neurotrimin contains seven cysteines over its three Ig-like domains, including a cysteine at position 83 that is not present in either OBCAM or LAMP (Struyk et al., 1995) . This cysteine could potentially form an intermolecular disulfide bond, via either covalent dimerization of neurotrimin molecules or het-erodimer formation with other cell-surface components. To examine whether Ntm is covalently linked to itself or other molecules, we biotinylated and prepared a purified GPI-anchored protein fraction as described previously (Rosen et al., 1992) . Proteins were then fractionated by SDS-PAGE under both nonreducing and reducing conditions (Fig. 2 A) . Ntm-myc is the only GPI-anchored protein detected at the surface of the transfectants; no significant expression of other GPI-anchored proteins was detected on Ntm-myc or on control cells (data not shown). Of note, there was a slight increase in the mobility of the band representing Ntm-myc when proteins were run on SDS-PAGE under nonreducing compared with reducing conditions. This increased mobility under nonreducing conditions is frequently seen in monomeric IgCAMs because of the presence of intradomain disulfide bonds that stabilize a more compact conformation [for example, see Pedraza et al. (1990) ]. These results indicate that neurotrimin does not form disulfide-linked multimers on the transfected cells.
To characterize further potential intermolecular interactions in which neurotrimin might participate, we used chemical crosslinking techniques. Monolayers of CHO-Ntm cells were treated with the homobifunctional chemical cross-linker BS 3 followed by biotinylation, immunoprecipitation with the anti-myc antibody, and SDS-PAGE. Most of the Ntm-myc was shifted to a molecular weight of ϳ130 kDa; the remainder migrated at ϳ180 kDa (Fig.  2 B) . This lower 130 kDa band corresponded to the expected mobility of an Ntm homodimer. To examine whether either band might reflect cross-linking of Ntm-myc to a transmembrane protein, we performed BS 3 cross-linking, followed by PI-PLC treatment of the cell monolayers and Western blotting. These experiments demonstrated that the 130 and 180 kDa bands were both released into the supernatant by PI-PLC (Fig. 3A) . These results strongly suggest that the 130 and 180 kDa bands represent homodimeric and homotrimeric complexes, respectively, of Ntmmyc, although we cannot rule out the possibility that Ntm-myc was cross-linked to a soluble extracellular component.
To test whether the homomeric complexes resulted from a trans interaction of Ntm-myc molecules present on apposing cell surfaces or a cis interaction of molecules on the surface of an individual cell, cross-linking was performed on CHO-Ntm-myc cells plated at different cell densities. In high-density cultures, virtually all the cells were in contact, whereas very few cells were in direct contact at the lowest density. We found that crosslinking of Ntm-myc into larger complexes was equivalent at all cell densities, as demonstrated by comparable amounts of 130 and 180 kDa protein bands present in each of the immunoprecipitates (Fig. 3B) . This indicates that the decreased mobility of Ntm-myc after cross-linking results from intermolecular interactions on the surface of the same cell. Taken together, these results strongly suggest that neurotrimin is disposed in noncovalent complexes at the cell surface. Finally, to examine whether clustering is a general feature of GPI-anchored proteins, we performed similar cross-linking studies with CHO cells transfected with a recombinant form of the cell adhesion molecule NgCAM, which was engineered to be GPI-anchored. Under identical conditions, this construct showed minimal dimer formation, indicating that dimerization of Ntm was specific (data not shown).
Ntm mediates homophilic adhesion
To determine whether Ntm mediates homophilic binding, we generated a recombinant, soluble form of Ntm consisting of its three Ig-like domains fused to a human Fc domain (Ntm-Fc). Characterization of the recombinant, soluble Ntm-Fc demonstrated that, as expected, it had a molecular weight of 85 kDa under reducing conditions and 170 kDa under nonreducing conditions, consistent with dimerization of the Fc domain. The deglycosylated, reduced protein ran at the predicted size of ϳ60 kDa (data not shown).
We next examined the ability of Ntm-Fc to bind to the Ntmexpressing and control CHO cells. For these studies, we used cells that were subjected to multiple rounds of FACS to isolate high expressor (HE) cells; the original population of transfected cells will be referred to as low expressor (LE) cells. We performed an immunofluorescence binding assay by incubating these cells sequentially with Ntm-Fc and a fluorescently labeled anti-human Fc antibody. (In other studies, we found that cross-linking with the anti-human Fc significantly stabilized the binding of the Ntm-Fc; data not shown.) In parallel, we visualized Ntm expression with the anti-myc antibody (Fig. 4) . As noted above, in the HE population, Ntm-myc accumulates at sites of contact consistent with homophilic interactions (Fig. 4C) . We observed significant Ntm-Fc binding to HE cells, which correlated with the high level of Ntm expression by these cells. In double-label studies, Ntm-Fc appeared to be bound to those cells that expressed Ntm at the highest levels. When LE cells were used, staining with the antimyc antibody demonstrated fewer labeled cells, and binding of the Ntm-Fc exhibited lower intensity of binding, further suggesting that the binding of Ntm-Fc correlated with the levels of Ntm expression (data not shown).
To quantitate Ntm-Fc binding more precisely, we subjected the cells to a flow cytometric analysis of the levels of Ntm expression and, separately, the binding of the Ntm-Fc (Fig. 5) . These studies demonstrated a strong correlation between the levels of Ntm-myc expression by transfected CHO cells and the amount of binding of Ntm-Fc to Ntm-myc cells observed in the previous immunofluorescence assay (Fig. 5) . Ntm-Fc bound to the HE cells at much higher levels than to the LE cells; PI-PLC completely removed Ntm staining and Ntm-Fc binding. In addition, a double-label FACS analysis with both anti-myc and the Ntm-Fc demonstrated a strong correlation between the level of Ntm-myc expression and the binding of Ntm-Fc to the transfected cells (data not shown). These results were complicated, however, by low-level crossreactivity of the secondary antibodies.
Finally, we examined whether Ntm promotes cell adhesion. In initial assays, we found that Ntm-myc cells consistently bound to Figure 3 . Ntm forms oligomeric complexes at the cell surface. A, CHONtm cells were treated with BS 3 , followed by PI-PLC treatment. The PI-PLC supernatant was electrophoresed and Western-blotted with the anti-myc antibody. The Ntm-myc cross-linked complexes appeared in the supernatant after PI-PLC release and were not cell-associated. Molecular weight markers are indicated at lef t. B, CHO-Ntm cells were plated at low, medium, and high densities, treated with BS 3 , and surface-biotinylated. Anti-myc antibody immunoprecipitates from cell lysates were electrophoresed, blotted, and probed with alkaline phosphatase-conjugated streptavidin. Ntm-myc cross-linked complexes were seen at both low and high densities, reflecting cis interactions at the cell surface. Molecular weight markers are indicated at lef t.
Ntm-Fc adsorbed onto a plastic substrate, whereas few, if any, control cells attached. Pretreatment of the CHO-Ntm cells with PI-PLC abolished binding of these cells to Ntm-Fc but not the binding of these cells, or control cells, to fibronectin (data not shown). To demonstrate that Ntm promotes cell adhesion under more physiological conditions, we performed an aggregation assay with transfected and control CHO cells (Fig. 6) . Dissociated Ntm-transfected and control CHO cells were incubated for 1 hr at 37°C. CHO-Ntm cells consistently formed large cell clusters in a time-dependent manner (Fig. 6 A) , whereas significantly fewer clusters were formed by control ( B) or CHO-Ntm cells pretreated with PI-PLC ( C). Analysis of the aggregation kinetics (Fig. 6 D) showed that there was a statistically significant difference between the Ntm versus the control CHO cells after 15 min. To determine whether Ntm was promoting adhesion by a homophilic mechanism or was binding to another component at the CHO cell surface, we mixed, in a 1:1 ratio, dissociated CHO-Ntm cells prelabeled with the fluorescent dye diI and control cells labeled with the fluorescent dye diO. E xamination of random aggregates under fluorescence microscopy indicated that most were composed of CHO-Ntm cells, consistent with a role of Ntm in promoting homophilic adhesion (Fig. 6 E) . As a f urther control, we mixed diI and diO prelabeled CHO-Ntm cells and found that the composition of the aggregates was evenly mixed ( F). Taken together, these results demonstrate that Ntm promotes homophilic adhesion.
Ntm binds selectively to neurons that express Ntm
We next tested whether Ntm binds to neurons via a homophilic mechanism or whether it might bind heterophilically as well. We chose DRG and SCG neurons for this assay because previous in situ hybridization and biochemical assays had shown that these neurons express IgL ON family members at high and low levels, respectively (Rosen et al., 1992; Struyk et al., 1995) . Based on PCR analysis, DRG neurons appear to express Ntm exclusively (data not shown). We examined the binding of Ntm-Fc to these neurons, visualizing neuronal fibers by staining for neurofilament. Ntm-Fc bound to the great majority of DRG fibers, whereas binding to only a very small number of SCG fibers was observed (Fig. 7) . Furthermore, the binding in both cases was restricted to neurons. The occasional Schwann cell or fibroblast that persists in these cultures was unlabeled, a finding confirmed in separate binding studies using purified Schwann cell cultures (data not shown). Pretreatment of the DRG neurons with PI-PLC eliminated all binding, consistent with a homophilic binding mechanism. In control studies, no binding of an Fc chimera of the lymphocyte adhesion molecule MUC18 was observed (data not shown). High-level binding of Ntm-Fc to hippocampal neurons was also observed, consistent with the high levels of Ntm expressed by these neurons (data not shown). These results strongly suggest that Ntm mediates stable homophilic, but not heterophilic, adhesion between Ntm-expressing neurons.
Ntm promotes the outgrowth of DRG and hippocampal neurons and inhibits the outgrowth of SCG neurons
To determine the effect of Ntm on neurite outgrowth, Ntm-Fc was immobilized on a nitrocellulose-coated substrate (Lagenaur and Lemmon, 1987) . Immobilized laminin was used as a positive control; MUC18-Fc and BSA were used as negative controls. Hippocampal, DRG, and SCG neurons were plated onto proteincoated wells. Minimal binding or outgrowth of the neurons was observed with the MUC18-Fc or BSA substrates. In contrast, hippocampal and DRG neurons attached well to the Ntm-Fc and laminin substrates and extended neurites on both. The enhanced hippocampal outgrowth on Ntm was modest compared with that on laminin but was highly reproducible; the effects on DRG outgrowth were more robust (Fig. 8 , and summarized in Table 1) . A further, modest enhancement of hippocampal outgrowth was observed when neurons were grown on Ntm-Fc that was appropriately oriented by binding to an anti-human Fc antibody adsorbed to the nitrocellulose substrate (Table 1 ). In contrast, SCG neurons generally attached less well to Ntm-Fc and only extended neurites on laminin. PI-PLC treatment completely eliminated the outgrowth-promoting activity of Ntm on hippocampal neurons, but not its outgrowth-promoting activity on DRG neurons (Fig.  8) . Under similar conditions, staining of DRG neurons for the GPI-anchored protein F3 was completely removed (data not shown). These results provide evidence that Ntm can promote the outgrowth of Ntm-expressing primary neurons (DRG and hippocampal neurons) but not of at least one neuron (i.e., SCG) that does not express Ntm. These results also suggest that Ntm may promote the outgrowth of hippocampal and DRG neurons by homophilic and heterophilic mechanisms, respectively, in view of the differential effect of PI-PLC on these two neurons. To investigate f urther the possibility that Ntm has distinct effects on the outgrowth of DRG and SCG neurons and to examine its f unction in a more physiological environment, we assayed the outgrowth of these neurons on transfected CHO cell monolayers. Established monolayers of Ntm-expressing and control cells were seeded with ϳ1000 dissociated SCG or DRG neurons (Fig. 9) . As an additional control, monolayers were pretreated, or mock-treated, with PI-PLC for 1 hr. (After PI-PLC treatment, Ntm-myc is not detectable at the cell surface at appreciable levels during the experimental time course.) Cultures were fixed after 14 hr, and the neurons and their processes were visualized by staining for GAP-43.
Significant neurite outgrowth of both SCG and DRG neurons was observed on the control cells, possibly reflecting the activity of neuronal integrins on the matrix deposited by the cells (Reichardt et al., 1990) . Of note, the neurite outgrowth of DRG neurons was significantly longer on the Ntm-transfected cells compared with the control cells. Thus, the mean neurite length was 165 m on the Ntm-transfected cells compared with 105 m on the control cells. Strikingly, the presence of Ntm on the surface of CHO cells had the opposite effect on SCG neurons: the mean neurite length of the SCG neurons was 216 m on the control cells, whereas it was 150 m on the transfected cells. Pretreatment of the monolayers with PI-PLC resulted in a neurite outgrowth similar to that on control cells for both DRG and SCG neurons. The results of these experiments demonstrated that the presence of Ntm on the surface of CHO cells had significant but opposing effects on the outgrowth of DRG and SCG neurons.
Soluble Ntm regulates the outgrowth of DRG and SCG neurons
We next determined whether Ntm regulates the outgrowth of DRG and SCG neurons by modulating the adhesive character of the substrate or, alternatively, whether it can mediate its effects directly as a soluble molecule. To this end, neurons were allowed to attach to permissive substrates, and the outgrowth was determined in the presence or absence of soluble Ntm-Fc. DRG neurons were grown on collagen, which has a relatively weak outgrowth-promoting activity (O. Gil and J. Salzer, unpublished observations), whereas SCG neurons were grown on laminin, which strongly promotes their outgrowth and would therefore more easily reveal an inhibitory effect of Ntm. We found that the addition of Ntm-Fc to DRG neurons significantly stimulated their outgrowth compared with MUC18-Fc (Fig. 10 A) . By contrast, Ntm-Fc had an inhibitory effect on the outgrowth of SCG neurons (Fig. 10 B) . Thus, the mean neurite length of DRG neurons was 109 m in the presence of Ntm-Fc (10 g/ml) and 73 m in the presence of MUC18-Fc (10 g/ml). In contrast, the mean neurite length of SCG neurons was 123 m in the presence of Ntm-Fc and 192 m in the presence of MUC18-Fc. These results confirm the reciprocal effects of Ntm on the outgrowth of these two populations of neurons and strongly suggest that Ntm mediates its effects as a soluble protein and does not need to be substrateassociated. The results from all of the outgrowth studies are summarized in Table 1 .
To examine whether these effects of Ntm-Fc on neurite out- growth truly reflected its activity as a soluble molecule and did not result from its adherence to the collagen or laminin substrates, we performed a series of ELISAs (Fig. 10C) . As a positive control, we demonstrated substantial binding of 4 g/ml Ntm-Fc to the unmodified plastic substrate. Ntm-Fc diluted in serum-free media containing 1% BSA also exhibited significant binding to the plastic substrate, although it was reduced about threefold compared with Ntm-Fc diluted in PBS. By contrast, there was negligible binding of Ntm-Fc to either the collagen or laminin substrates (Fig. 10C) . These results strongly suggest that Ntm-Fc did not bind to the collagen or laminin substrates during the course of the neurite outgrowth assays but rather regulated outgrowth as a soluble protein.
DISCUSSION
We have demonstrated that Ntm forms homomeric complexes within the plane of the membrane and mediates homophilic adhesion. We have also shown that Ntm binds specifically to DRG and hippocampal neurons, which express Ntm, and not to SCG neurons, which do not. Finally, we have demonstrated that Ntm promotes the outgrowth of DRG neurons and inhibits the outgrowth of SCG neurons. These results f urther support the specificity of the IgL ON family in promoting system-specific projections and provide new insights into the mechanisms of their activity. (Fig. 6 ). These results, together with previous studies demonstrating that LAMP mediates homophilic interactions (Pimenta et al., 1995; Zhukareva and Levitt, 1995) , indicate that members of the IgLON family promote homophilic adhesion. We have found that Ntm is present on the surface of transfected cells as a noncovalent dimer and, to a lesser extent, as homomultimers (Figs. 2, 3) . Our results suggest this is not a feature of all GPI-anchored cell adhesion molecules or an artifact of increased planar mobility of the GPI anchor, because minimal cross-linking of a GPI-anchored form of NgCAM was observed under comparable conditions. However, several other GPIanchored proteins were recently shown to cross-link into similar, higher order complexes in transfected cells (Friedrichson and Kurzchalia, 1998). Taken together, these findings suggest enrichment of these proteins into membrane microdomains (Friedrichson and Kurzchalia, 1998; Varma and Mayor, 1998) or a tendency of such proteins to multimerize. Because all of these studies were performed on transfected cells, it will be important in the future to determine whether Ntm also exists as a noncovalent multimer at the surface of neurons and, if so, whether other IgL ON family members also form higher order complexes alone or with Ntm. Ntm may also potentially interact noncovalently or covalently, via its extra cysteine, with transmembrane proteins that are specifically co-expressed on neurons and are not present on CHO cells.
Ntm forms homomeric complexes: potential role in promoting adhesion
As with other CAMs and signaling receptors, the ability of Ntm to form homodimers and oligomers may be critical for its function. P0, the major protein of peripheral nerve myelin, forms tetramers that bind to P0 tetramers of the apposed membrane, thereby promoting adhesion between the closely spaced myelin lamellae (Shapiro et al., 1996) . Dimerization is required for the adhesive function of the cadherins (Brieher et al., 1996; Tomschy Figure 8 . Ntm-Fc promotes hippocampal and DRG but not SCG neurite outgrowth. Photomicrographs show neurons cultured on 100 g/ml Ntm-Fc, 1% BSA, or 10 -25 g/ml laminin adsorbed to nitrocellulose substrates. Hippocampal neurons (lef t column) were prelabeled with diI, whereas sensory (center column) and sympathetic neurons (right column) were stained with the neurofilament-specific antibody 3A10. Quantitation of the outgrowth for each cell type is shown in the graphs at the bottom. Scale bar, 100 m. , 1996) , which form a linear adhesion "zipper" (Shapiro et al., 1995; Nagar et al., 1996) . Growth factor receptors dimerize after ligand binding, resulting in receptor autophosphorylation and activation of intracellular signaling pathways (Schlessinger and Ullrich, 1992) . Inhibition of neurite outgrowth mediated by the semaphorins also appears to depend on dimerization (Klostermann et al., 1998; Koppel and Raper, 1998) . Whether the ability of Ntm to promote adhesion and regulate neurite outgrowth requires dimerization or higher-order complexes is not yet known.
Ntm has bifunctional effects on outgrowth that are mediated by homophilic and heterophilic mechanisms A major finding of this paper is that Ntm has dual effects on neurite outgrowth, promoting the outgrowth of DRG and inhibiting the outgrowth of SCG neurons. The ability of CAMs to have dual effects on neurite outgrowth is becoming well recognized. Myelin-associated glycoprotein promotes the outgrowth of newborn DRG neurons and inhibits that of mature DRG neurons and postnatal cerebellar neurons (Mukhopadhyay et al., 1994) . Similarly, F3 has cell type-specific effects, promoting the outgrowth of DRG neurons (Durbec et al., 1992) and inhibiting the outgrowth of cerebellar granule cells (Buttiglione et al., 1996) ; its precise effect on outgrowth appears to be modulated by interactions with TAG-1 (Buttiglione et al., 1998) . Netrin-1 attracts commissural neurons (Serafini et al., 1994) but repels trochlear neurons (Colamarino and Tessier-Lavigne, 1995) . The findings reported here indicate that in addition to the netrins, semaphorins, and ephrins, many IgCAMs, including the IgL ON family, have cell typespecific inhibitory effects on neurite outgrowth.
The ability of Ntm-Fc to inhibit the outgrowth of SCG neurons despite binding to only a small number of nerve fibers indicates that inhibition does not require formation of a stable adhesive complex of the type measured by the immunofluorescence binding assay. The inhibitory effects on SCG outgrowth are of particular interest because these neurons express very low levels of the IgLON family (Rosen et al., 1992) , likely on the few nerve fibers to which Ntm-Fc does bind. These results indicate that Ntm must interact heterophilically with an SCG receptor to inhibit the outgrowth of these neurons. Similarly, PI-PLC treatment of DRG neurons [which removes Ntm from the surface of these neurons (C. Rosen and J. Salzer, unpublished observations)] abolishes the binding of Ntm-Fc but not its ability to promote neurite outgrowth (Fig. 8) . These results further support the existence of a heterophilic receptor or receptors that regulate outgrowth. These findings resemble those of a previous report (Felsenfeld et al., 1994) that demonstrated that TAG-1 binding is homophilic, whereas its effects on outgrowth are heterophilic, mediated via the activity of L1 and ␤1 integrins. The nature of the heterophilic receptor on DRG neurons and whether it mediates the inhibitory activity of Ntm-Fc on SCG neurons are important questions for future study.
The inhibitory activity of Ntm reported here is also consistent with the striking inhibitory effect on neurite outgrowth of gp55, which corresponds to a mixture of chick LAMP and OBCAM (Wilson et al., 1996; Clarke and Moss, 1997) . These authors also report that gp55 inhibits binding of neurons to different substrates (Clarke and Moss, 1997) . We have found that Ntm strongly promotes DRG but not SCG neuron attachment (O. Gil, G. Zanazzi, and J. Salzer, unpublished observations); our studies to date have been inconclusive as to whether Ntm is anti-adhesive for SCG neurons. Interestingly, the effects of gp55 on outgrowth were observed with chick E9 DRG neurons, which have not yet begun to express these proteins, indicating a heterophilic mechanism of inhibition (Clarke and Moss, 1997) . It is not yet known whether these chick IgLON members will promote the outgrowth of older DRG neurons that express gp55.
Potential role of the IgLON family in the development of neural projections
Ntm and LAMP are largely expressed in complementary locations within the nervous system. Thus, LAMP is principally confined to limbic cortex (Levitt, 1984) , whereas Ntm is expressed mostly in sensorimotor cortex (Struyk et al., 1995) . In addition, Ntm and LAMP are differentially expressed in the developing basal ganglia and thalamus with topologically graded distributions. For example, Ntm is expressed predominantly in the rostral dorsolateral striatum, which projects to the sensorimotor neocortex, and LAMP is expressed in the medial portion, which projects to the limbic cortex. The differential distribution of these pro-teins, together with emerging evidence that they have distinct, bifunctional effects on neurite outgrowth, strongly suggest that Ntm and L AM P regulate the development of neuronal projections via outgrowth-promoting and -inhibiting activities. Interestingly, recent studies suggest that L AM P inhibits the outgrowth of neurons from the lateral thalamus that project to the neocortex (Mann et al., 1997) ; this region of the thalamus is known to express low levels of L AM P and high levels of Ntm [Struyk et al. (1995) and O. Gil and J. Salzer, unpublished observations], suggesting that heterophilic interactions within the IgL ON family could have inhibitory effects.
Ntm regulates neurite outgrowth as a soluble molecule
Like other IgCAMs such as F3 and L1, which can regulate neurite outgrowth as soluble molecules (Durbec et al., 1992; Doherty et al., 1995) , we have shown that soluble Ntm is active, promoting DRG and inhibiting SCG neurite outgrowth. Many GPIanchored proteins exist as both membrane-associated and soluble molecules, although the mechanism(s) regulating release of these proteins from the cell surface is not yet clear (for review, see Salzer et al., 1996; Faivre-Sarrailh and Rougon, 1997) . These findings suggest that a potential f unction of the GPI anchor may be to permit the regulated release of these proteins, thereby allowing soluble CAMs to promote or inhibit outgrowth in a regional manner.
The ability of soluble CAMs to regulate outgrowth suggests that they function by activating intracellular signaling pathways; such pathways remain poorly understood. In the case of the IgLON family, direct evidence of such an activation and clues to the pathways involved have been provided by recent studies demonstrating that a soluble form of LAMP elicits an increase in intracellular calcium via L-type channels (Zhukareva et al., 1997) , whereas the inhibitory effects of gp55 are sensitive to ribosylation of G-proteins by pertussis toxin (Clarke and Moss, 1997) . These findings raise the question of how these GPIanchored CAMs activate signaling pathways. One possibility is that they bind to a transmembrane signaling receptor, possibly consistent with the heterophilic inhibition of Ntm on SCG neurons and of gp55 on E9 DRG neurons (Wilson et al., 1996) . Alternatively, the PI-PLC sensitivity of hippocampal neurons, like LAMP-promoted outgrowth (Zhukareva and , suggests that some effects on neurite outgrowth may result from homophilic interactions. In the latter case, Ntm, like other GPIanchored proteins, may associate with nonreceptor tyrosine kinases in glycosphingolipid-enriched membrane domains (FaivreSarrailh and Rougon, 1997; Henke et al., 1997) or promote outgrowth via cis interactions with neuronal transmembrane proteins (Peles et al., 1997; Galbiati et al., 1998) . In sum, these studies suggest that the distinct expression of IgLON members promotes the development of system-specific projections by a combination of growth-promoting and -inhibiting activities. The precise signaling pathways involved and the functional consequences of interactions between different family members are important questions for f uture investigation.
